Abstract Aquatic ecosystems are major sinks for pollutants which can have adverse effects on biodiversity. Thus, it is important to understand the nature of pollutioninduced change in aquatic ecosystems. We show that brown bullheads (Ameiurus nebulosus) may have evolved in response to chronic pollution exposure. We collected adults from the Detroit River (polluted site) and Belle River (control site). Both adults and common-garden raised juveniles were tested for aggression, locomotion, and escape response using consecutive unchallenged (clean) and challenged (polluted) trials. Detroit River fish were more aggressive than Belle River fish when challenged. Furthermore, Belle River fish showed increased locomotion when exposed to pollutants, whereas Detroit River fish were unaffected. The consistent difference in adult and juvenile behaviour across trials suggests a genetic response to pollution. Escape response on the other hand, showed inter-population differences, but no consistency between adults and juveniles, indicating that this behaviour is influenced by non-genetic factors. We discuss our data with respect to the potential adaptation of populations to pollution and the implications for prioritizing remediation efforts.
Introduction
The potential effects of pollution on ecosystem health have received increased attention in recent years. Population expansion, industrialisation, and the intensification of agriculture and other industries have led to an increase in the amount and variety of pollutants introduced into the environment (Moss 1998; Hall et al. 2006) . Aquatic environments are especially vulnerable because they are the recipient of most forms of anthropogenic waste through leaching, run-off, and dumping (Moyle and Leidy 1992) . As a result, aquatic ecosystems, and especially their sediments, have become loaded with chemicals that greatly exceed natural concentrations. These sediments can act as both sinks and secondary sources of pollution (Cachot et al. 2007) , which often result in bioaccumulation of pollutants that can lead to a variety of adverse effects in fishes and other aquatic animals. For example, 11 out of 19 studies of fish showed adverse changes in reproductive behaviours as a result of pollution (reviewed in Jones and Reynolds 1997) . Changes were documented in display frequency, courtship duration, as well as performance of male-specific behaviours by masculinized females. These behavioural changes can decrease reproductive success and, ultimately, population health and viability (Grue et al. 2002) .
Individuals and populations must adjust to the stress induced by chronic exposure to contaminants in order to persist in polluted environments. Thus, understanding behavioural differences induced by pollutants can provide insight into the mechanisms that allow individuals to persist in polluted environments. To this end, behavioural differences between contaminated and clean sites can be partitioned into physiological (individual level, including phenotypic plasticity) or genetic (population level) responses. A physiological response can be divided into two components: the acute response and the acclimation response. The acute response involves an alteration within an individual triggered by an acute or pulse stimulus and occurs over a short time period. These pollution induced alterations, such as affected fish that swim closer to the water's surface, can result in increased predation and consequently reduced fitness (reviewed in Scott and Sloman 2004) . Generally, once the stimulus subsides, the individual returns to its normal behavioural and physiological state within 3 weeks (Kavitha and Rao 2007) . Although acute responses help an organism to tolerate a stressor on a short-term basis, because they are often associated with reduced fitness, they do not provide a feasible response to chronic exposure to stressors.
In contrast, the acclimation response is a physiological modification within an individual that leads to tolerance of a stimulus (Grue et al. 2002) . For example, guppies (Poecilia reticulata) acclimated to higher temperatures display higher thermal tolerances and survive longer in heated water than naïve fish (Chung 2001) , and rainbow trout (Oncorhynchus mykiss) pre-exposed to aluminium display normal swimming behaviour and have higher survivorship than naïve fish when chronically exposed to the stressor (Allin and Wilson 2000) . The acclimation response is typically a long-term or permanent change within individuals that results in increased fitness compared to the acute response. However, such physiological modifications are seldom heritable so offspring must also acclimate to the polluted environment. Acclimation during offspring development often channels resources away from other somatic processes such as growth, which can result in slowed development and reduced fitness (Ficke et al. 2007 ). Thus, the acclimation response can also carry fitness costs.
Genetic responses involve permanent genetic changes driven by natural selection. For example, Meyer and Di Giulio (2003) found a genetic response in survivorship in killifish (Fundulus heteroclitus) populations from polluted environments. Laboratory raised F1 and F2 offspring of descendants from the polluted Elizabeth River (Virginia, USA) were better adapted for survival and displayed normal development in contaminated water, even when they had no previous exposure, than fish from an unpolluted reference site. Fisher and Oleksiak (2007) also showed that killifish populations from polluted sites evolved adaptive changes in expression of metabolic genes compared to individuals from unpolluted, reference sites. There also are numerous examples of plants developing resistance to polluted soils (e.g. Eranen 2008 ). Thus, long-term exposure to environmental stressors can result in physiological responses, or alterations in the genetic makeup of a population brought about by selection for favourable traits.
Anthropogenic stressors, such as pollution, have occurred only recently on an evolutionary timescale. As such, a population that shows a beneficial genetic response to a stressor must have evolved the adaptation in a relatively short period, a process known as rapid evolution (e.g. Grant and Grant 1995; Hendry et al. 1998) . Rapid evolution likely occurs through selection on standing (pre-existing) genetic variation, but can also involve selection for beneficial mutations (Barrett and Schulter 2007) . Such beneficial mutations can come about from the mutagenic effects of the pollutants themselves. For example, Cachot et al. (2007) found that Japanese medaka (Oryzias latipes) exposed to polluted sediments had higher mutation rates than control fish. While most of the mutations are likely to be deleterious, increasing mutagenesis can also result in an increased frequency of favourable mutations. Polluted environments thereby provide an exceptional opportunity to study rapid evolution.
In this study, we examine the effects of long-term pollution exposure on the behaviour of brown bullheads, Ameiurus nebulosus (LeSueur 1819). Brown bullheads are an ideal species to study the effects of long-term pollution exposure in aquatic habitats. They are native to northeastern North America (Wheeler 1978) and are most abundant in the lakes and ponds of southern Ontario (Scott 1955) . Brown bullheads sexually mature at about 3 years of age and produce large broods of up to 10,000 offspring (Blumer 1985) . They are philopatric, benthic fish and have a high sediment affiliation, exposing them to pollutants that occur in the sediment. For example, brown bullheads from the heavily polluted Trenton Channel in the Detroit River have chemical burdens in their tissues similar to those of the sediment (Leadley et al. 1998; Yang and Baumann 2006) .
We partition variation in aggression, locomotion, and escape response behaviour of fish from the polluted Detroit River and fish from a nearby clean site (Belle River) into physiological or genetic responses. We selected these behaviours because they are linked to individual performance (fitness) and can thereby affect population viability. For example, alterations in levels of aggression can affect an individual's acquisition of resources such as food, shelter, and mates (e.g. Fero et al. 2007) . Locomotion is essential for many activities such as feeding, migration, reproduction, and predator avoidance (Baatrup and Bayley 1993) and is a good indicator of an individual's condition (Martin and Bateson 1993) . Alterations in predator avoidance can result in an increased risk of predation (reviewed in Scott and Sloman 2004) . Additionally, exposure to pollutants, including polycyclic aromatic hydrocarbons and heavy metals, has been shown to affect these behaviours; (1) aggression: reduced aggression in Nile tilapia, Oreochromis niloticus (Almeida et al. 2009 ) and three-spined stickleback, Gasterosteus aculeatus (Bell 2001) ; elevated aggression in mice (Jaeger et al. 1999) , (2) locomotion: e.g. hyperactivity in sea catfish, Arius felis and sheepshead, Archosargus probatocephalus (Steele 1985) , and woodlouse, Oniscus asellus (Bayley et al. 1997) , and (3) predator avoidance: e.g. hyporeactivity in rainbow trout, Oncorhynchus mykiss (Ward et al. 2006) ; hyperactivity in fathead minnows, Pimephales promelas (Drummond and Russom 1990) .
Methods
Brown bullheads were collected using electroshocking from two rivers in south-western Ontario, the highly industrialised Trenton Channel of the Detroit River (42°10 0 54 00 N, 83809 0 07 00 W) and the less industrialised Belle River (42816 0 57 00 N, 82842 0 50 00 W). The Detroit River is in the centre of a vast water system, receiving inputs from Lake St. Clair and the St. Clair River as well as from the cities of Detroit, Michigan and Windsor, Ontario. These inputs include effluents from both point and non-point sources including industrial, hazardous, and sewage treatment plant wastes . As a result, the Detroit River is an area of high contaminant loading, primarily by heavy metals, polycyclic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs), with the sediments on the western side of the river containing over 200 elevated organic chemical concentrations (Furlong et al. 1988; Arcand-Hoy and Metcalfe 1999) . Indeed, 93% of sample stations in Trenton Channel exceed threshold effect level sediment quality guidelines for PAHs and PCBs ) and more than 16% of sample stations in the Detroit River exceed the severe effect level for heavy metals, with the maximum concentrations being confined to the Trenton Channel (Szalinska et al. 2006) . Average hydrocarbon levels in the Detroit River are 1,195 parts per million (ppm) whereas these levels are only 77 ppm in the Belle River (Nagy et al. 1984) .
First, for the adult behavioural trial, during 17-19 June 2008, 24 adults from Trenton Channel and 25 from Belle River were collected, weighed, measured for total length, and individually marked with a PIT tag. The fish were then transported to Leadley Environmental Corporation (Essex County) (42°06 0 11 00 N, 82°55 0 44 00 W) where they were held in 2.5 m 9 2.5 m 9 0.6 m holding tanks with 10 fish from the same site per tank. The fish were then exposed to a behavioural framework involving two different trials that allowed any variation between sites in aggression, locomotion, or escape response to be partitioned into physiological and genetic responses (Fig. 1) . First, an ''unchallenged'' trial was conducted 3 weeks after capture in unstressed conditions (clean pond water) as direct acute responses to pollution stress from many chemicals are significantly reduced within 3 weeks (e.g. Djomo et al. 1996; Kavitha and Rao 2007) . We thus assumed that any difference in behaviour between sites after the 3 week period reflected long-term responses (i.e. acclimation or genetic responses). Next, immediately afterwards, a ''challenged'' trial was conducted on the fish by placing them into holding tanks lined with a 10 cm layer of sediment collected from Trenton Channel (polluted environment) for 24 h. The sediment was collected using Ponar sediment grabs. If fish from the two sites continued to differ in behaviour and also responded differently to the exposure to the polluted sediment, then it would be possible to attribute the long-term response to the pollution (see Fig. 1 ).
Second, for the juvenile behaviour trials, in May 2008, adults were collected and released into site-specific ponds at Leadley Environmental Corporation and allowed to spawn naturally. The ponds were monitored daily for freeswimming juveniles, which were collected and placed into separate site-specific ponds. To ensure a similar age in the experimental juvenile fish, we collected free-swimming individuals at first notice and over only a 2 day period in July 2008. In September 2008, 20 juveniles from each sitespecific pond (40 total) were collected and transported to the Freshwater Ecology Research Facility at the University of Western Ontario, where they were housed in 20 l aquariums with 10 fish per aquarium. The juveniles were kept on a 12 h:12 h light-dark cycle until experiments 
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UNCHALLENGED CHALLENGED Fig. 1 A bifurcated tree detailing the four possible scenarios for the behavioural trials in brown bullheads (Ameiurus nebulosus). Arrows pointing upwards represent a difference in that behaviour between the two sites whereas arrows pointing downward represent no difference between the sites. P U and P C denote the probability that the null hypothesis is accepted at the unchallenged and challenged trial, respectively. Probability values associated with each arrow are presented in Table 1 . The unchallenged trial was conducted after 3 weeks in clean water and the challenged trial was conducted after 24 h exposure to polluted sediments. As an example, scenario 1 represents a difference between the two sites at both the unchallenged and the challenged trial Pollution-induced effects in brown bullheads 1339 commenced in November 2008 (the juveniles were thus about 4 months old). The experiments followed the same framework as the adults. Consistent differences between the populations in the adults and the juveniles would ruleout an acclimation response and instead suggest a genetic response. Each experimental fish was subjected to the behavioural experiments twice, once for the unchallenged trial and a second time for the challenged trial. The experiments commenced shortly after sunset and were performed under infrared light due to the nocturnal behaviour of the bullheads. Experiments were recorded using SONY DCR-SR300 video cameras set to night vision mode and placed above the experimental aquaria. Prior to each set of trials, fish were moved from their holding tanks to circular experimental aquariums (150 cm diameter and 20 cm depth for adults, 30 cm diameter and 8 cm depth for juveniles, which ensured similar fish-to-aquarium size ratios). First, locomotion was examined by observing the volitional distance (distance travelled in a given time) of fish from each site. Fish were placed in an experimental aquarium and, after a 15 min acclimatization period, were recorded for the next 15 min. The distance travelled by each fish was measured by extracting a single frame image every 5 s from the video and determining the co-ordinates in a two-dimensional plane using Image J software. The distance travelled between each frame was determined using the Pythagorean Theorem and all the distances were summed to give an estimate of total distance travelled. Bullheads are benthic and consequently rarely leave contact with the sediment and swim into the water column. Thus, the two dimensional analysis provides an accurate measurement of the distance travelled.
Next, the escape response was examined. A stimulus was created by dropping a square weight into the water in the centre of the aquarium. Fish were recorded for 1 min preceding the stimulus and until their response had terminated (i.e. when the fish first ceased progressive forward motion, which typically occurred within 5 s). The distance travelled and maximum burst speed during the response were recorded. The distance travelled was measured by extracting images from the video at 33 frames per second and measuring the total distance travelled (as above). For the burst speed, five single frame images were extracted per second from the video. The greatest distance between consecutive frames during the entire response was then multiplied by 5 to get an estimate of maximum burst speed (in cm/s).
Finally, after a 30 min rest period, the aggression displayed by fish from the different sites was observed by placing four fish, two from each site, selected to be of similar size, into an experimental aquarium. Fish were individually marked using small marks with liquid paper and were initially separated by a cross-shaped barrier measuring 150 cm 9 150 cm. The barrier was removed after a 15 min acclimatization period and the aggressive behaviour of the fish was recorded for the next 10 min. The number of aggressive acts, observed as chases and nudges, initiated by each individual were quantified. Aggression was calculated as the sum of aggressive acts performed by that individual divided by the total number of acts performed by all four individuals in that aquarium (to control for any tank effects and thereby standardize measures across tanks). After the unchallenged trials had finished, fish were moved to new holding tanks containing the polluted Trenton Channel sediment for 24 h, after which the challenged trial commenced following the same procedures as outlined above. Time constraints restricted the aggression trials to 44 adults (22 from each site). The subset of fish was selected haphazardly from the original sample. Throughout the experiments, all fish were fed once daily with commercial fish food (Profishent, Martin Mills, ON).
T-tests were used to compare data between each site for all four behaviours and both trials, resulting in two P-values for each behaviour, which we refer to as P U for the unchallenged trial, and P C for the challenged trial. These values were converted into the probability that the null hypothesis-that there was no difference in behaviour between the sites-is false by subtracting them from one. The later values were multiplied through a bifurcated tree in order to estimate the probability of each of four scenarios: (1) different at both trials; (2) different at the unchallenged trial, but the same at the challenged trial; (3) the same at the unchallenged trial, but different at the challenged trial; (4) the same at both trials (Fig. 1) . For example, if Trenton Channel fish were significantly more aggressive than Belle River fish across both trials, the most probable outcome would be scenario 1. Additionally, for each behaviour, we assessed our confidence in the probability of the most likely scenario by calculating a loglikelihood ratio (LOD score), which is the likelihood ratio of the most probable scenario compared to that of the next most probable scenario, using the equation:
where P 1 represents the most probable scenario, P 2 represents the second most probable scenario, and k is a normalization constant equal to 1/log2 such that the LOD scores range between 0 and 1. As an example, suppose scenario 1 was the most probable and scenario 2 the second most probable; a score of 1 gives complete support for scenario 1 as the most probable outcome, whereas a score of 0 indicates that the two scenarios are equally likely.
Results
Adult brown bullheads were of similar sizes between the two sites (total body length: Belle River (BR) = 26.2 ± 5.6 cm; Trenton Channel (TC) = 24.9 ± 8.2 cm; t 47 = 1.35, P = 0.182). The juvenile brown bullheads did differ in size between the sites with the individuals from Belle River being longer than those from Trenton Channel (BR = 5.7 ± 0.1 cm; TC = 5.1 ± 0.1 cm; t 38 = 3.64, P = 0.001). Consequently, we included body length as a covariate for the analysis of juvenile behaviour, but body length had no effect on any of the recorded behaviours, and was removed from the final analysis. The results for the adult and juvenile behaviours are summarised in Tables 1 and 2 .
Aggression
For the adults, there was no difference between the two sites at the unchallenged trial (t 42 = 0.05, P U = 0.960); however, there was a difference between the sites at the challenged trial, with Trenton Channel fish being more aggressive than Belle River fish (t 42 = 2.11, P C = 0.041) (Fig. 2) . Indeed, scenario 3 was the most probable outcome with strong statistical support (92.1%; LOD = 0.89). For the juveniles, the difference at the unchallenged trial was not significant (t 38 = 0.72, P U = 0.478). At the challenged trial, similar to the adults, Trenton Channel juveniles were more aggressive than Belle River juveniles, yet this difference was not significant (t 38 = -1.66, P C = 0.105) (Fig. 2) . The two most probable outcomes for the juveniles were scenarios 1 and 3 with roughly equal support (46.7 and 42.8% respectively; LOD = 0.04), suggesting that there was a difference at the challenged trial.
Volitional distance
The most probable outcome for the adults was scenario 1 (90.9%; LOD = 0.81). Trenton Channel fish swam a greater distance at the unchallenged trial than Belle River fish (t 47 = -4.91, P U \ 0.001), yet Belle River fish dramatically increased their volitional distance during the challenged trial (paired t-test: t 20 = 4.24, P \ 0.001). Belle River fish swam farther than Trenton Channel fish during this latter period, consequently the difference between sites was not significant (t 42 = 1.73, P C = 0.091) (Fig. 3) . The juveniles showed similar results to the adults with scenario 1 being the most probable (52.4%; LOD = 0.09). Trenton Channel juveniles swam a greater distance in the unchallenged trial than Belle River juveniles (t 38 = 2.09, P U = 0.043), yet at the challenged trial, like the Belle River adults, Belle River juveniles significantly increased their volitional distance (paired t-test: t 19 = 3.65, P = 0.002) to similar levels as Trenton Channel (t 34 = 0.76, P C = 0.452) (Fig. 3) . Escape response
The most probable scenario for burst speed in adults was scenario 2 (71.7%; LOD = 0.44). There was no difference between sites at the unchallenged trial (t 38 = 1.12, P U = 0.271) or at the challenged trial (t 30 = 0.02, P C = 0.984). Unlike the adults, scenario 1 was the most probable outcome for burst speed for the juveniles (64.2%; LOD = 0.30). Belle River and Trenton Channel juveniles showed similar burst speeds at the unchallenged trial (t 38 = -0.96, P U = 0.344). At the challenged trial, Belle River juveniles increased their burst speed while Trenton Channel juveniles showed no difference, resulting in a significant difference between the two sites (t 34 = 2.40, P C = 0.022). The distance travelled in the adults showed scenario 2 as the most probable (47.8%) albeit with low statistical support (LOD = 0.07). There was no difference between the sites at the unchallenged trial (t 38 = 1.34, P U = 0.188) or at the challenged trial (t 30 = -0.62, Four behaviours were examined in both adult and common-garden reared juvenile fish. Probabilities in bold represent the most probable outcome. Values in parentheses represent the LOD score. As an example, suppose scenario 1 was the most probable and scenario 2 the second most probable; a score of 1 gives complete support for scenario 1 as the most probable outcome, whereas a score of 0 indicates that the two scenarios are equally likely. Scenario 1 represents a difference between the two sites at both trials; Scenario 2 represents a difference at the unchallenged trial, but not the challenged trial; Scenario 3 represents no difference at the unchallenged trial, but a difference at the challenged trial; and Scenario 4 represents no difference between the sites at either trial Belle River Trenton Channel * * Fig. 3 Mean volitional distance in brown bullheads (Ameiurus nebulosus). Volitional distance was calculated as the distance an individual swam in 15 min. Adults and common-garden reared juveniles were tested after 3 weeks in clean water (unchallenged) then 24 h exposure to polluted sediment (challenged). Error bars denote plus or minus one standard error of the mean. Asterisks represent significant differences between sites P C = 0.542). Scenario 1 was the most probable outcome for the juveniles (48.8%; LOD = 0.13). There was no difference between the sites at the unchallenged trial (t 38 = 0.21, P U = 0.422) or the challenged trial (t 34 = 1.45, P C = 0.156).
Discussion
Our study is one of the first attempts to document a genetic behavioural response to pollution. We found that bullheads from the highly polluted Detroit River appear to have evolved adaptations to pollution as measured by locomotion and aggressive behaviours. Specifically, Detroit River adults and common-garden reared juveniles were unaffected by the addition of polluted sediments, maintaining the same volitional distance when in clean or polluted water. Belle River fish, on the other hand, displayed an increase in activity with greater volitional distances when exposed to polluted water. Detroit River fish also maintained higher levels of aggression when exposed to pollution than Belle River fish. Increased aggression can be beneficial because individuals typically gain access to more resources, such as food, shelter, and mates (e.g. Fero et al. 2007) . Conversely, an increase in locomotion behaviour in response to a stimulus is often a sign of stress in fish (Allin and Wilson 2000) . The results from the other behaviours showed differences between the Detroit River and Belle River fish. However, those differences were not consistent between adults and juveniles, suggesting that non-genetic factors may be driving them. While our results suggest an evolved response in locomotion and aggressive behaviours due to pollution, we cannot rule out other factors. First, parental effects could contribute to the differences we observed. Abnormalities in the offspring could stem from the fathers in the form of damage caused from chemicals in the Detroit River to the DNA carried by the sperm (e.g. Gray et al. 1999) . Alternatively, chemicals from the river carried by the mothers could have been directly passed onto the offspring through the eggs. For many chemicals, the amount present in eggs correlates with the amount present in the mother (e.g. mercury: Hammerschmidt et al. 1999; and PAHs: Hall and Oris 1991) . However, the burden in eggs is usually considerably lower than in the mothers (Serrano et al. 2008) and the burden in offspring is considerably lower than in the eggs (Beattie and Pascoe 1978) . Given that our juveniles were reared in clean water from the egg stage for 4 months prior to testing, it is likely that any of the pollutants that might have been transferred would have been depurated (e.g. Djomo et al. 1996; Gardinali et al. 2004) . Furthermore, it is difficult to understand why pollutants transferred maternally through the egg, or damage done to the germ-line DNA, would enable the Detroit River juveniles to subsequently dominate the Belle River juveniles in the challenge trials. On the other hand, it is possible that pollutants passed from the Detroit River mothers to their offspring is a trigger that 'turns-on' genes that allow the offspring to acclimate to the polluted environment. For example, offspring pre-exposed as eggs to cadmium survived longer than naïve offspring when both were later exposed to cadmium (Beattie and Pascoe 1978) . Insomuch as those genes remain active or otherwise provide a physiological coping mechanism, the response we observed might not be an evolved response in the Detroit River fish. To test this alternative hypothesis, we could preexpose eggs from Belle River fish to the pollutants to see if a similar effect could be elicited from those fish, or we could conduct a multi-generation study with the Detroit River fish and look at second generation offspring whose parents had also been reared in an unpolluted environment (e.g. Meyer and Di Giulio 2003) . Second, epigenetic effects have been shown to play a role in polluted environments through DNA methylation, microRNA, and histone modification (reviewed in Baccarelli and Bollati 2009) . However, the importance of epigenetic effects in driving heritable behavioural responses to pollution or other stressors is unknown. Regardless, it is difficult for any study of heritability to definitely rule-out epigenetic effects as an alternative to heritable variation in DNA sequence.
It is also worth noting that although our fish were put in clean water for 3 weeks to remove any effects of the acute response, many chemicals remain stored in the body for a much longer period. We selected 3 weeks because this duration in clean conditions has been shown as sufficient time to depurate significant amounts of the organophosphate pesticide monocrotophos (Kavitha and Rao 2007) , the heavy metals chromium (Parma et al. 2008) , cadmium, and copper (Kraemer et al. 2005) , the PAHs anthracene, phenanthrene, pyrene, and benzo[a]pyrene (Djomo et al. 1996) , and the PCB Aroclor 1254 (Wang 1998) . All of these chemicals are present in the Detroit River, although there is little known about the clearance times for many of the other chemicals in the river. Thus, it is possible that some residual chemicals continued to affect the Detroit River fish during the unchallenged trial. Nevertheless, residual burdens would not affect our interpretation of the challenged trial data and, for example, the increased performance of the Detroit River fish over the Belle River fish during the aggression trials. Thus, we feel that our data for aggression and locomotion are most consistent with a genetic response.
Traditionally it was thought that a genetic response was a slow process that would take hundreds of generations to occur (Darwin 1859) , but more recent evidence suggests that such responses can occur over much shorter timescales (e.g. Grant and Grant 1995) . Pollution in the Detroit River dates back to the late nineteenth century (US EPA 2007) or roughly 100 years ago. Brown bullheads tend to become sexually mature at 3 years of age, so 100 years represents at most 33 generations. Therefore, any evolved response to pollution in the Detroit River brown bullheads has occurred over a relatively short timescale. It is possible that large effective population sizes and large brood sizes contribute to the apparent rapid response. First, a large effective population size should contribute to large amounts of standing genetic variation on which selection can act. Second, a large brood size means that there are increased opportunities for favourable mutations to occur. Additionally, many contaminants can be genotoxic in that they have the ability to be mutagenic. Cachot et al. (2007) found that Japanese medaka (Oryzias latipes) exposed to sediment from the upper River Seine, Oissel, France showed significantly higher mutation rates than control fish. The sediments of the Seine in Oissel are known to have contaminant concentrations similar to the Detroit River. Indeed, Maccubbin et al. (1991) found the sediments of the Detroit River to be mutagenic. Increased mutagenesis, while resulting in increased deleterious mutations, could also result in an increased frequency of favourable mutations. Thus, the mutagenic nature of some of the chemicals in the Detroit River may have aided in the adaptation of the brown bullheads to contamination stress. Conceivably, the combination of short generation time, large brood sizes, large effective population sizes, and mutagenic chemicals, in conjunction with strong selective pressure have contributed to the apparent rapid evolved response in Detroit River bullhead behaviour.
It has been suggested that genetic changes in behavioural traits precede and direct subsequent morphological changes (West-Eberhard 2003) . This idea stems from the fact that behavioural traits tend to be more labile than morphological traits (Wcislo 1989) . That is, for each morphological state there can be many behavioural states, so the chance of producing a favourable trait is higher in behavioural traits than morphological traits (West-Eberhard 1989). Consequently, adaptive behavioural traits should become established first, followed by adaptive morphological traits. If an individual who resides in a polluted environment displays some heritable behaviour that is associated with a fitness benefit relative to other behaviours in the population, then the phenotype should be rapidly selected for and passed-on to the next generation. For example, in this study we found that Belle River fish significantly increased their locomotion when in polluted water, showing signs of stress, which in turn can lower fitness, whereas Trenton Channel fish were unaffected by the pollution. Additionally, brown bullheads from the Detroit River were more aggressive than their Belle River counterparts when in polluted water. We did not look at morphological traits, so do not yet know if those traits have also responded to pollution, or the relative time scales with which behavioural and morphological traits have evolved in this population. Nevertheless, recently polluted environments do provide an opportunity to examine the relative rates of evolution of behavioural and morphological traits.
There is growing support for the presence of behavioural syndromes in populations. Behavioural syndromes are suites of correlated behaviours that occur in different contexts or situations (e.g. Hedrick 2000; reviewed by Sih et al. 2004) . One of the more common behavioural syndromes is the aggressiveness/activity syndrome, where aggression is positively correlated with activity levels (Sih et al. 2004) . This relationship has been demonstrated in, for example, the field cricket, Gryllus integer in which activity, measured as an individual's latency to leave a glass vial into a novel environment, was positively correlated with aggressiveness, measured as the number of fights won by that individual (Kortet and Hedrick 2007) . In our study, bullheads from the Detroit River were more aggressive and were more active than Belle River fish, which is in concordance with Kortet and Hedrick's results. Thus, at least for the aggressiveness/activity syndrome, our data suggest a behavioural syndrome exists in bullhead as well.
Remediation plans aim to restore the ecosystem to some level of acceptable integrity or health. Consequently, many remediation plans target areas with a long history of pollution, such as the Detroit River and Lake Erie (e.g. Heidtke et al. 2002) . Between 1993 and 2001, an estimated $130 million was spent on sediment remediation activities in the Detroit River and western Lake Erie as part of the Detroit River Remedial Action Plan (Heidtke et al. 2002) . However, it is apparent that these areas are still loaded with chemicals at levels well above the policy guidelines . The Detroit River has a long history of contamination and our data now show that at least one native species may have evolved in response to the pollution although a more thorough community-level analysis is needed. We suggest that it may be time to start prioritising our remediation action plans with some consideration of potential adaptation to a stressor by local flora and fauna. Newly-polluted ecosystems or ones that are experiencing rapid population declines ought to be top of our priority list. Conversely, areas with a long history of pollution might be prioritized lower if resident species show signs of adaptation to the current pollution levels. Additionally, if areas such as the Detroit River are fully restored to a non-polluted state, some consideration should be given to ensure that the resident species are fully viable in the 'new' clean environment. For example, it is conceivable that the brown bullhead presently in the Detroit River would be less adapted to the clean environment and would be prone to invasion by other non-local species that occupy a similar niche. As humans continue to pollute aquatic ecosystems, the need for prioritizing remediation efforts will become increasingly important to effectively use conservation resources. Our study suggests that consideration of adaptive and physiological responses to stressors should also be considered when prioritizing sites.
